The data on the compositional dependence of glass-forming ability, glass transition, and properties of bulk metallic glasses (BMGs) are important for understanding the nature and glass-forming ability of metallic glasses and for their application. In this paper, we report the formation of rare-earth-based Pr-(Cu,Ni)-Al pseudo-ternary BMGs with a large bulk glass-forming composition range and distinct glass transition. The compositional dependence of glass-forming ability, glass transition, and properties were systematically studied. The contrasting effects of Al and Pr on glass formation and glass transition, unique elastic properties, and phonon softening of the BMGs are discussed from the structural point of view.
I. INTRODUCTION
During the past decade, intensive efforts have been made to investigate the magnetic rare-earth-transition metal-based (RE-TM) bulk metallic glasses (BMGs). [1] [2] [3] However, unlike others, some RE-TM-based BMGs have neither a distinct glass transition nor a large supercooled liquid region in their differential scanning calorimetry (DSC) traces, 4 although glassy samples with large diameter can be prepared. It was first believed that a glass transition temperature too close to the crystallization onset temperature might be the primary reason for this. Later, careful microstructural investigations showed that these RE-TM-based BMGs, such as NdFeAl(Co), are actually a mixture of nanocrystalline clusters and glassy matrix. 5 Recently, a series of different RE-TM-based BMGs, which have a distinct glass transition and a fully glassy structure, have been developed. [6] [7] [8] [9] Independently, Zhao et al. [6] [7] [8] and Zhang et al. 9 have reported that full bulk amorphous Pr-based alloys can be formed. The excellent glass-forming ability (GFA), stable supercooled liquid region, distinct glass transition, and, especially, the large glass-forming composition range make these BMGs ideal candidates to investigate the compositiondependent GFA, physical properties, and glass transition. The BMGs are also promising for future applications. 3, [6] [7] [8] [9] To guide the development of BMGs, various criteria have been proposed. [10] [11] [12] [13] Turnbull 10 predicted that as the ratio of the glass transition temperature T g to the liquidus temperature T l of an alloy (referred to as the reduced glass transition temperature T rg ‫ס‬ T g /T l ) increased to values near 2/3, the homogeneous nucleation of the undercooled melt should become very sluggish on the experimental time scale, and formation of BMGs should be possible. Inoue et al. 12 developed three empirical rules to guide the formation of BMGs. Liu et al. 13 recently proposed a new criterion of ␥ [␥ = T x /(T g + T l )], where T x is the crystallization temperature. However, with the development of BMGs, there is increasing evidence that these criteria are not consistent with all experimental results. Study of the criteria for GFA of an alloy attracts great interest both in application and theory. A glass is formed by cooling the liquid to solid without crystallization. Therefore, the crystallization of undercooled liquid during cooling process needs to be considered.
The metallic glass, which is different from the crystalline materials, is characterized by the existence of short-range structural order without long-range structural order. This intrinsic structural difference is the origin of the anomalies, e.g., localization effects, diverse acoustic, magnetic properties, and abnormal behaviors under low temperature observed in amorphous materials. 4, [13] [14] [15] [16] [17] BMGs are among the simplest glasses, whose structural units are simple atoms interacting with metallic bonding, and close to dense random packing of spheres. The simple structure and large glass-forming composition range offer a model for investigating the compositional and structural dependence of the glassy properties.
In this work, glass formation and the compositional dependence of the glass transition and properties (in particular the elastic properties) were studied in the BMGforming Pr-Cu-Ni-Al alloys. The experimental results show that the optimum composition for the glass formation in the Pr-(CuNi)-Al pseudo ternary system is at a eutectic composition. The contrasting effects of Al and Pr on the glass transition and properties, the unique elastic properties, and the phonon softening of the BMGs are discussed.
II. EXPERIMENTAL
Multicomponent Pr-based master alloys were prepared by arc-melting in titanium-gettered argon atmosphere starting from Pr, Al, Ni, and Cu elements with a purity of 99.9% or higher. To ensure homogeneity of the samples, the ingots were remelted several times. From the prealloyed ingots, bulk cylindrical specimens 1-5 mm in diameter and 50 mm in length were prepared by suctioncasting into a water-cooled copper mold. The fully crystallized sample was prepared by annealing the BMG at 663 K in vacuum for 1 h and the annealing temperature is far above T x . The thermal properties were studied using a Perkin-Elmer DSC-7 (Perkin Elmer Inc., Wellesley, MA) differential scanning calorimeter (DSC) under a continuous argon flow. The melting was measured by a Perkin Elmer DTA-7 (Perkin Elmer) under a continuous argon flow. The calorimeter was calibrated for temperature and energy at various heating rates with high purity indium and zinc. Firstly, an empty Al pan was performed to establish a baseline, and then the same Al pan including the sample was measured again in identical thermal conditions. The values of T g and the crystallization temperature T x , were determined from the DSC traces with the accuracy of ±2 K.
The acoustic velocities of the BMGs were measured at room temperature at a frequency of 10 MHz by using a MATEC 6600 ultrasonic system (MATEC Inc., Northborough, MA) with a measuring sensitivity of 0.5 ns. The samples for ultrasonic measurements were cut from the rod and the ends of cylinder were carefully polished flat and parallel. The effect due to the bonding material used between the transducer and the sample was neglected as the typical thickness of the band was less than 4 m. The density was measured by the Archimedean principle. The elastic constants (e.g., the bulk modulus B, Young's modulus E, and shear modulus G) and the Debye temperature ⌰ D were derived from the ultrasonic velocities and density. 18, 19 III. RESULTS
A. Formation of Pr-(Cu-Ni)-Al pseudo-ternary BMGs
Basic verification of amorphicity throughout the thickness of the samples was examined by x-ray diffraction (XRD). In samples below the critical diameters given in Table I , the XRD patterns show only two broad maxima associated with an amorphous phase and no detectable Bragg peaks corresponding to crystalline phases (examples of XRD patterns from similar glasses can be found in Ref. 6 ). High-resolution transmission electron microscopy is more sensitive than XRD to minor volume fractions of dispersed crystals but still shows only the uniform contrast expected for a single glassy phase. 
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them, the Pr 60 Cu 20 Ni 10 Al 10 alloy (indicated by the star in Fig. 1 ) is found to have the best GFA, with critical diameter of at least 5 mm. Apart from this composition, the critical diameter will decrease. The results imply that the Pr-(Cu-Ni)-Al alloy has large glass-forming composition range and the GFA is composition dependent. The T rg criterion is based on some suppositions, particularly that T l has a strong dependence on composition, but T g does not. Eutectic liquids have the lowest T l , their interval between T g and T l is the smallest, and they have the largest value of T rg . Thus, the probability of cooling this supercooled liquid to avoid crystallization is enhanced, i.e., a better GFA. In this sense, T rg is a guide to GFA (the larger the value of T rg , the better GFA of the glass former). The inconsistency of the T rg criterion with the experimental results indicates that the above supposition of the compositional dependence of T l and T g does not work as assumed in this alloy system. This can be attributed to two factors: first, the experiments show that the T g depends on the composition strongly in some BMG systems, 9, 16 and second, the T l of an eutectic alloy is the lowest compared with that of its corresponding off-eutectic alloys. Therefore, more attention should be paid to the compositional dependence of T g and T l .
Turnbull 11 supposed that eutectic alloys have better GFA, and the GFA worsens for off-eutectic alloys. For the formation of BMGs it is necessary to determine the eutectic composition. However, this is not easy for complex multicomponent BMG-forming alloys. To check the relation between the GFA and the eutectic composition, the alloys were divided into two groups as shown in Fig. 1 : group 1 is represented by dotted circles and group 2 by solid circles. The values of T g , T m , and T l for different alloys are listed in Table I . Within experimental error, T m is almost independent of the composition variation of the alloys. In contrast, T l is more sensitive to the composition. For the Pr 60 Cu 20 Ni 10 Al 10 alloy, the temperature interval of the melting (T l − T m ) is about 15 K, which is the smallest in group 1. This indicates that the Pr 60 Cu 20 Ni 10 Al 10 alloy is very close to the eutectic composition, and the compositions around it correspond to off-eutectic compositions. The Pr 60 Cu 20 Ni 10 Al 10 alloy has the best GFA in group 1. This indicates that the eutectic composition has a better GFA than the corresponding off-eutectic compositions. Similar results are exhibited for group 2, marked in Fig. 1 10 has the better GFA. With the limited experimental results for the given system, we assume that the eutectic alloy with lower liquidus temperature has a better GFA. The lower T l indicates the liquid is relatively stable against the crystalline phases. Correspondingly, the GFA should be better.
B. Composition dependence of T g
In Table I , T g is found to be composition-dependent. Usually, T g depends also on the experimental time scale. However, within the available experimental time scale range, T g does not change much. T g is usually considered to be an important intrinsic characteristic of a glass. It is understood that the glass transition means a failure of the material to support shear stress on the typical laboratory timescale. Similar to the melting of a crystal, the structural units in glasses will be translated freely from their original positions when the temperature is above T g . That is, at or above T g , thermal activation can overcome the energy gaps restricting the structural units in glasses and make the glassy structure fail to shear stress. In fact, more and more evidence is accumulating that the glass transition can be considered as a disorderdriven melting process. A universal approach is proposed for melting and amorphization. 20, 21 So the glass transition is associated with a certain density of packing of the atoms and the energy state associated with the packing. The increasing Al content in Pr-based BMGs may stabilize the short-range structure as well as increase the energy needed to change the energy state of the system, i.e., make atomic diffusion more difficult, leading to a higher T g . Recently, Gao et al. proposed that the effect of stabilization of Al content may partially be attributed to the covalent bonding trend between Al atoms and other atoms. 22 To study the effect of Al on the microstructure of Pr-based BMGs, the ultrasonic technique, which is very sensitive to the change of microstructure, was applied. Figure 3 shows the T g dependence of the Debye temperature ⌰ D shear modulus G, and the number of the atoms in unit volume n (defined as n ‫ס‬ /A, where A is the average atomic weight) of the Pr-based BMGs. Table I Table II Table I ). Table II ).
confirms that the short-range microstructure is dependent on the Al content in the BMGs. As shown in Fig. 3 , with increasing the Al content, n first decreases (3.2%) and then increases (up to 1.8%); nevertheless the increase of ⌰ D and G are monotonic. Therefore, the ⌰ D and G are not related to n in the studied BMGs. For ZrTiCuNiAl BMG, the high-pressure experiments showed similar results; i.e., the increase of G and ⌰ D induced by the incorporation of Al could not mainly be attributed to the change of the atomic packing density. 16 Wang et al. 21 proposed that the relationship between T g and ⌰ D should obey a rule similar to that of melting temperature. For various BMGs, the value of 1000T g /A⌰ D 2 converge into a constant (where A is the average atomic weight), which is within the 0.136-0.153 range. 21 For Pr-based BMGs studied in this paper, the values of 1000T g /A⌰ D 2 are between 0.136 and 0.153 further confirming the correlation between T g and ⌰ D .
The correlation between T g and D 2 in BMGs may mean that the glass transition of the bulk glass-forming alloys has certain characteristics of melting. In fact, a unified approach has ever been proposed for melting and amorphization. 20 The glass transition, approaching from the solid and inducing the transition of the glass state to supercooled liquid state, may be regarded as a melting process of a metallic glass. In fact, the typical Zr 41.2 Ti 13.8 Cu 12.5 Ni 10 Be 22.5 BMG can be directly transformed to melt state by glass transition, and the crystallization process can be prevented when the heating rate is above 200 K/s 23 or heating under high pressure. 24 On the other hand, the correlation more or less indicates that the glass transition is in connection with anharmonicity coupling of the vibration, and configurational energy manifolds as suggested by Angell. 25 It worth noting that a rule of thumb was proposed by Turnbull: T g /T l larger than 2/3. That is, good glass formers like the bulk metallic glasses require T g /T l to be higher than 0.67. 11 It is a good empirical rule for finding new metallic glass. However, the T g and T l are not correlated well with glass forming ability, at least in bulk glass-forming alloys. The values of the ratio T g /T l vary for the Zr-based alloys between 0.59 and 0.69 and even more for the other glasses. 3 The La-and Mg-based alloys have a value of T g /T l ‫ס‬ 0.70, but their glass-forming ability is not as good as that of Zr-based alloys with T g /T l ‫ס‬ 0.65. Therefore, even though the T g /T l is a good criterion for developing new bulk metallic glass, T g and T l cannot be considered to have good correlation. This indicates that the correlation of T g and ⌰ 2 found in this work is different from the T g /T l criterion.
C. Lower elastic moduli of Pr-based BMGs
Besides a low T g , the Pr-based BMGs have low elastic moduli. 26 indicating that these BMGs exhibit elastic properties similar to those of non-metallic glasses, and have much "softer" elastic constants than other BMGs. 3 The extremely small value of ⌰ D also reveals that these BMGs are much less rigid than other BMGs. However, the value of Poisson's ratio, (see Table III ) of the Pr-based BMG is much larger than that of non-metallic glasses and similar to that of other BMGs. The value directly reflects the bonding forces of a material. The result reveals that the BMG's shortrange structure is still based on metallic bonds as other BMGs. 8 The Pr-based BMG with structural characteristics of a metallic glass exhibits elastic constants similar to those of non-metallic glasses. The above results are partially caused by the major Pr component, which possesses much lower elastic moduli compared with that of other components indicating a weaker bonding between Pr and other atoms. After fully crystallization of the BMG, E, K, and G increase from 36.9, 45.2, and 13.5 GPa (glassy state) to 49.7, 50.0, and 18.6 GPa (crystallized state), respectively (the E, K, G, and ⌰ D of the BMG are respectively 34.7%, 10.6%, 37.8%, and 17.0% smaller relative to the crystallized state). This indicates that the long wavelength phonons in the BMG are markedly softened. 27, 28 The softening effect was believed closely related to the change from a periodic distribution of atoms to the heterogeneous regrouping of atoms during the amorphization process. Due to the absence of long-range order in metallic glasses, the interactions between the atoms are restricted to short-range region. Thus when metallic glasses are shear deformed, the changes in the local atomic density may be non-uniform. This may finally result in the large reduction of elastic moduli. For a glass-forming alloy, its elastic constants agree well with the calculated value from its constituent elements as follows 29 
where M is an elastic constant and f i is the atomic percentage of the component elements. The calculated elastic constants of the Pr 60 Cu 20 Ni 10 Al 10 alloy according to Eq. (1) are also listed in Table II . It is obvious that the calculated elastic constants of the Pr-based alloy are very close to those of its crystalline state, but much higher than those observed in glassy state. This could further support the assumption that the large softening of the Pr-based BMG should be attributed to its intrinsic glassy structure.
IV. CONCLUSIONS
We analyzed the GFA of Pr-based Pr-Cu-Ni-Al BMG system. The experimental results show that for the Pr-based pseudo-ternary system, there is more than one eutectic composition, and among them, the eutectic composition with the best GFA has the lowest melting point. The glass transition temperature and physical properties of Pr-based BMGs are composition dependent. Compared with the major element Pr, the Al content has more obvious effect on the properties of the BMGs. Moreover, the relationship between T g and ⌰ D upon the composition and the softening of phonons in the Pr-based BMGs further supports the idea that the glass transition observed by DSC is the melting of glass. The finding of the Pr-based BMG with a large bulk glass-forming composition range is of significance for study of the metallic glass-formation and for their applications.
